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cDNA clones for rat liver 5-axninolevulinate syn- 
thase have been isolated and used to examine mRNA 
levels in different rat tissues. Northern hybridization 
analysis of total UNA from various rat tissues showed 
the presence of a single 5-aminolevulinate synthase 
mRNA species of estimated length 2.3 kilobases. 
Primer extension and RNase mapping studies indi- 
cated that the mRNA is identical in all tissues. Highest 
basal levels were seen in liver and heart. Administra- 
tion of hemin to rats reduced the basal level of this 
mRNA only in liver but the heme precursor, 5-amino- 
levulinate (or its methyl ester), repressed the basal 
levels in liver, kidney, heart, testis, and brain. The 
drug 2-allyl-2-isopropylacetamide increased the 
mRNA level in liver and kidney only while human 
chorionic gonadotropin hormone elevated the level in 
testis. Administration of the heme precursor 5-amino- 
levulinate prevented these inductions. Nuclear tran- 
scriptional run-off experiments in liver cell nuclei 
showed that 2-allyl-2-isopropylacetamide and 5-ami- 
nolevulinate exert their effect by altering the rate of 
transcription of the 5-aminolevulinate synthase gene. 
The results indicate that a single 5-aminolevulinate 
synthase mRNA is expressed in all tissues and that its 
transcription is negatively regulated by heme. 



5-Aminolevulinate synthase catalyzes the first step of the 
heme biosynthetic pathway and in the liver at least is rate- 
limiting (reviewed in Refs. 1 and 2). The enzyme performs a 
housekeeping function since all animal cells synthesize their 
own heme for mitochondrial cytochromes and other cellular 
hemoproteins. The enzyme level is normally very low in 
animal tissues but is greatly elevated in the liver of experi- 
mental animals following administration of a wide variety of 
porphyrinogen ic drugs such as AIA 1 and phenobarbital (3). 
This biochemical response mimics the acute porphyria dis- 
eases in man where hepatic 5-aminolevulinate synthase levels 
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are elevated during clinical attacks. Drugs which precipitate 
such attacks induce 5-aminolevulinate synthase levels in ex- 
perimental animals. These same drugs also induce the syn- 
thesis of hepatic cytochrome P-450 proteins, which are in- 
volved in the conversion of foreign compounds to water- 
soluble derivatives. 

Granick (3) first demonstrated that the end product heme 
prevented the drug-induced increase in hepatic 5-aminolevu- 
linate synthase enzyme levels. Work in our laboratory and 
elsewhere (reviewed in Ref. 1) has suggested that heme acts 
by repressing the synthesis of 5-aminolevulinate synthase 
mRNA, but there has been no direct proof of this. Current 
evidence favors the hypothesis that the porphyrinogens drugs 
act by inducing synthesis of cytochrome P-450 apoprotein 
which results in a reduction in the heme concentration, thus 
indirectly leading to an increase in 5-aminolevulinate syn- 
thase mRNA levels (1). Erythroid 5-aminolevulinate synthase 
is not induced by porphyrinogens drugs (2), and this finding 
has led to the proposal that erythroid and hepatic 5-amino- 
levulinate synthases are distinct enzymes (4, 5). Indeed, it has 
been proposed that a multigene family exists for 5-aminolev- 
ulinate synthase with different mRNA species synthesized in 
different tissues (6). However, recent work suggests that 5- 
aminolevulinate synthase mRNA is the same in the liver and 
erythroid spleen of mice (7). 

We are interested in determining at the molecular level 
how heme regulates the gene for 5-aminolevulinate synthase 
in liver and other tissues. cDNA (8, 9) and genomic clones 
(10) for chicken 5-aminolevulinate synthase have been iso- 
lated in this laboratory. In this communication we report the 
isolation of cDNA clones for rat liver 5-aminolevulinate syn- 
thase and provide strong evidence that the mRNA is identical 
in all rat tissues examined. We have established that drugs 
increase the level of 5-aminolevulinate synthase mRNA in a 
tissue-specific fashion and that heme represses levels of this 
mRNA in all tissues examined except erythroid spleen. Une- 
quivocal evidence has been obtained that the altered levels of 
hepatic 5-aminolevulinate synthase mRNA observed after 
drug or heme administration are due to changes in the rate of 
transcription of the gene. 

EXPERIMENTAL PROCEDURES 

Materials— AIA was a generous gift from Roche, Australia. Hemin 
(ferriprotoporphyrin IX chloride) was supplied by Porphyrin Prod- 
ucts, Logan, UT. A chicken 0-actin cDNA clone in pBR322 (insert 
1.6 kb) was provided by S. Dalton and a chicken serum albumin 
cDNA clone in pBR322 (insert 2 kb) by A. H. Hobbs. All other 
materials were purchased from sources previously described (9, 11). 

Treatment of Animals— Male albino Wistar rate (200 g body 
weight) were given injections of AIA (80 mg) Bubcutaneously, 5- 
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aminolevulinate or its methyl ester (333 mg) via the intraperitoneal 
cavity, or hemin (1.6 mg) via the tail vein. For induction with A1A 
over 12 h t a second injection of AIA was given at 7 h. 5-Aminolevu- 
Unate or hemin was given immediately after AIA injection. Rata were 
treated with HCG over 48 h fay repeated subcutaneous injections (20 
unite) at 12, 24. and 36 h; 6-aminolevulinate waa administered at 36 
h and total mRNA isolated after a further 12 h. To obtain anemic 
rata, phenylhydrazine HC1 (1.5 mg) waa injected eubcutaneously on 
5 consecutive days and mRNA isolated on the sixth day. Anemic rats 
were treated with 5-aminolevulinate 12 h prior to death. 

For developmental studies, Sprague-Dawley rats were used. Fetal 
ages were estimated from the time of mating; males were placed with 
females overnight and the following morning taken as day 0 of 
gestation. Total RNA was isolated essentially by the method of Liu 
etal (12) from pooled individuals of at least 2 litters for each age. 

Construction and Screening of a Rat Liver cDNA Library — Liver 
poly(A)* RNA from rata treated with AIA was used to construct a 
cDNA library. Double-stranded cDNA was synthesized by the pro- 
cedure of Gubler and Hoffman (13), and DNA greater than 1600 bp 
was annealed with dG -tailed P** I -digested pBR322 and transformed 
into Escherichia coli MC1061. Recombinant plasmide were screened 
with a mixture of "P nick-translated probes comprising the four Pstl 
inserts from the chicken 6-aminolevulinate synthase clone, pl05Bl 
W- 

The clone plOlBl was sequenced by digestion of plasmid with 
either Hpall, Pstl, Sou3Al, or Taql and fragments sequenced by the 
method of Sanger et at (14). 

Analysis of RNA — Total RNA was isolated from rat tissues by the 
guanidine hydrochloride extraction procedure of Brooke r et aL (15). 
Poly (A)* mRNA was prepared by oligo(dT) -cellulose chromatogra- 
phy. 

For Northern blot analysis, RNA was electrophoresed in 1.0% 
agarose gels containing 1.1 M formaldehyde as described (11). RNA 
was transferred to nitrocellulose Altera (BASS from Schleicher & 
Schuell) and hybridized to the tt P nick-translated rat 5-aminolevuli- 
nate synthase cDNA clone plOlBl (10 ng/rol) in a solution containing 
50% formamide, 5 x SSPE (0.9 M NaCl, 50 xnM sodium phosphate 
buffer, pH 7.0, 5 mM EDTA), 5 X Denhardt's (0.04% Ficoll, 0.04% 
polyvinylpyrrolidone, 0.04% bovine serum albumin), 0.1% SDS, 0.6% 
sodium pyrophosphate, and 200 /ig/ml denatured salmon sperm DNA 
at 42 *C for 20 h. Filters were washed finally in 0.1 X SSPE containing 
0.1% SDS at 60 *C for 40 min. For low stringency conditions filters 
were hybridized as above and washed in a solution containing 2 x 
SSPE and 0.1% SDS at 50 °C for 40 min. Molecular size markers 
consisted of DNA fragments generated by Acc\ digestion of pBR322. 

RNA was denatured and bound to nitrocellulose filters using either 
a slot or dot blot apparatus (Schleicher & Schuell). Hybridization 
conditions were as described above. Tbe amounts of RNA in Northern 
and slot blots were quantitated using an LKB laser densitometer. 

Primer extension analysis using poly(A)* RNA from different rat 
tissues and 5 '-"P- labeled synthetic primers complementary to the 
coding strand of plOlBl was carried out according to the method of 
Mc Knight et aL (16). The extended products were analyzed by elec- 
trophoresis on 8 M urea, 6% polyacrylamide gels with a dideoxy 
sequence ladder of Ml3 bacteriophage DNA as size standards or **P- 
labeled Hpall fragments from pBR322. 

RNase Mapping — The three Pari restriction fragments of plOlBl 
(see Fig. 6) were individually subcloned into Pstl cut pGEM-1 vector 
(Pro mega Biotech). Two probes, A and E, contained the 5' and 3' 
Pstl fragments of plOlBl, respectively (see Fig. 5). The plasmid 
containing the largest Pstl fragment of plOlBl was further digested 
with appropriate restriction enzymes to generate three subclones of 
suitable size for RNase mapping; restriction enzyme removal of a 
BamHI fragment (one Bam HI site in poly I inker) generated a clone 
for the protection of a 364 -bp BamHI -Pari fragment (probe D). 
Digestion of the plasmid with BgtM and Hindi 11 (polylinker site) 
allowed the religation of a clone for the protection of a 631 -bp Pstl- 
BglW fragment (probe B). Probe C was generated by direct ionally 
cloning the 699-bp BamHI/ Soli fragment into a BamHI/ Sail cut 
pGEMl vector. 

RNA probes uniformly labeled with [ a P]UTP were generated in 
vitro from the five recombinant pGEM plasmids using either T7 or 
SP6 polymerase as described (11). Specific activities of about 10 s 
cpm/pg RNA were routinely obtained. Full-length transcripts were 
isolated on a 5% polyacrylamide sequencing gel and eluted in 500 mM 
ammonium acetate, 1 mM EDTA, 0.5% SDS for 3-6 h at 37 *C. 
RNase mapping using RNase A and Tl was carried out as described 
previously (11) and protected fragments analyzed following elect ro- 
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phoresis on a 5% polyacrylamide sequencing gel and autoradiography. 

Nuclear Transcription Assays — Nuclei were isolated from rat liver 
as described by Schibler et at (17). The transcription reactions 
contained 100 mM Tris-HCl, pH 7.9, 50 mM NaCl, 5 mM MgCt,, 1.5 
mM MnCU, 0.4 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 
1.2 mM dithiothreitol, 30% glycerol, 2 pfcf UTP, 1 mM each of ATP, 
CTP, and GTP, 100 **Ci of [a-^PJUTP. and 1.5 X 10 T nuclei in a 
final volume of 150 tiL These were incubated at 26 *C for 15 min, and 
"P- labeled RNA was extracted as described by Vannice et at (18). 
Rats were induced with AIA for 4 h. When 5-aminolevulinate was 
administered, it was injected 10 h prior to AIA treatment and the 
nuclei prepared 4 h later. For quantitation of specific transcripts, 5 
fig of the appropriate cloned DNAs (double-stranded DNA from the 
chicken serum wlhumin and 0-actin cDNA clones or single-stranded 
DNA from an M13 phage clone containing the 1.7-kb Pstl fragment 
of plOlBl) were denatured and applied to a nitrocellulose filter using 
a slot blot apparatus. Filters were prehybridized in 1 ml of 50% 
formamide, 6 X SSC, 10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 0.1% 
sodium pyrophosphate, 0.1% SDS, 100 fig/ml E. coli tRNA, and 0.2% 
each of Ficoll, polyvinylpyrrolidone, and bovine serum albumin at 
52 *C overnight. Hybridization was carried out in the same solution 
with 2 X 10* cpm of "P-labeled RNA for 72 h at 52 *C. Filters were 
washed twice at room temperature for 30 min in 2 X SSC, 0.1% SDS, 
0.1% sodium pyrophosphate and then twice in 0.5 X SSC, 0.1% SDS, 
0.1% sodium pyrophosphate at 65 *C for 60 min. The hybridization 
signals were quantitated by laser densitometric scanning. 

RESULTS 

Isolation of Rat Liver 5- A minolevulinate Synthase cDNA 
Clones — A cDNA library was constructed using poly (A)* RNA 
from livers of rats induced with the porphyrinogenic drug 
AIA. Size-selected double-stranded cDNA was used to con* 
struct a library of 4800 recombinant clones which were 
screened using a mixture of "P-labeled cDNA probes prepared 
from the four Pstl fragments of a previously isolated chicken 
liver 5-aminolevulinate synthase cDNA clone (9). Four clones 
gave positive hybridization signals, and the largest of these, 
plOlBl, was sequenced. The sequence contained an open 
reading frame of 1929 nucleotides from nucleotides 17 to 1945 
giving a predicted protein of 642 amino acids (Fig. 1). The 
sequence of the first 15 N-terminal amino acids of mature 5- 
aminolevulinate synthase purified from the mitochondria of 
drug-induced rat liver (19) was determined and shown to be 
identical to that deduced from the nucleotide sequence of 
plOlBl from position 185 to 229. This shows that the gluta- 
mine (at nucleotide 185) is the N-terminal amino acid of the 
mature protein. Upstream from this codon there are three in- 
frame d(ATG) codons. The d(ATG) codon at nucleotide 17 is 
assumed to be the initiation codon since it would result in the 
translation of a 5-aminolevulinate synthase precursor with a 
presequence of size 6 kDa in agreement with the size estimated 
from previous studies (19). 

The deduced protein sequence of rat liver 5-aminolevulinate 
synthase precursor was compared with that of chicken (9) and 
mouse (7). The sequence of rat precursor was very similar to 
that of chicken, both in the N-terminal presequence (56 amino 
acids) and over most of the mature protein sequence. Surpris- 
ingly, the rat protein sequence showed less overall homology 
to the mouse enzyme, and indeed no homology existed within 
the presequence segments. 

Northern Analysis of 5-Aminolevulinate Synthase mRNA — 
The size of 5-aminolevulinate synthase mRNA in different 
rat tissues was determined by Northern blot analysis. Total 
RNA was isolated from the liver, kidney, brain, and testis of 
untreated rats. Tissues were also examined following treat- 
ments which are known to elevate 5-aminolevulinate synthase 
activity levels; for this total RNA was isolated from AIA- 
treated rat liver and kidney, HCG-treated rat testis, and 
spleen of rats rendered anemic by phenylhydrazine treatment. 

The RNA samples were fractionated on a formaldehyde 
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FIG. 1. Nucleotide and predicted 
amino acid sequence of rat liver 5- 
aminolevulinate synthase. The clone 
has 5'- and 3'-noncoding regions of 16 
and 112 nucleotides, respectively. A pos- 
sible polyadenylation signal ATTAAA is 
underlined, and the termination codon is 
asterisked* The arrow indicates the 
cleavage site of the presequence. 
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agarose •denaturing gel and probed with S2 P-labeled plOlBl. 
In all tissues, only a single 5-aminolevulinate synthase mRNA 
species was detected, estimated to be 2.3 kb in length (Fig. 2). 
In some tracks, very faint extra bands were visible and were 
probably due to ribosomal RNA. The results therefore show 
that there is no difference in size between 5-aminolevulinate 
synthase mRNA from either untreated or induced rat tissues. 

It was also of interest to determine the 5-aminolevulinate 
synthase mRNA during fetal development. A single 5-ami- 
nolevulinate synthase mRNA species (2.3 kb in length) was 
detected at day 14 of gestation when the liver is largely 
erythroid in nature (20) through to the adult stage (Fig. 3). 
The level of mRNA peaked prior to birth at gestation days 20 
and 21. This level then declined significantly at birth and in 
the adult had returned to the level seen prior to birth. 

Primer Extension and RNase Mapping Studies of 5-Ami- 
noleuulinate Synthase mRNA from Rat Tissues — Further 
studies were carried out to determine whether 5-aminolevu- 
linate synthase mRNA was identical in different tissues of 
rat. Of particular interest was the relationship of the noner- 
ythroid to erythroid mRNA in view of the proposal that these 
mRNAs are distinct in the chicken (6). A 5'~7- 32 P-labeled 23- 
nucleotide oligomer complementary to the coding sequence of 
plOlBl from nucleotides 17 to 40 (Fig. 1) was used in a primer 
extension reaction on poly(A)* RNA isolated from tissues of 
untreated and treated rats (see legend to Fig. 4). With all 



mRNA samples, two bands, 144 and 147 nucleotides in length, 
were seen following electrophoresis of the extension products 
and detection by autoradiography (Fig. 4). Such doublets have 
been observed previously and may be due to an artifact of the 
reverse transcriptase reaction (21) or to initiation of mRNA 
synthesis at an alternative nucleotide. A second set of primer 
extension reactions was performed using a primer comple- 
mentary to a sequence in the 5 '-untranslated region of plOlBl 
from nucleotides 3 to 26. The rationale for this was that 
different mRNAs in different tissues may be homologous in 
their coding sequences but different in the 6 '-untranslated 
region. With all tissues a doublet was observed with bands 
108 and 111 nucleotides in length (result not shown). The 
results suggest that the 5 '-untranslated region of the 5-ami- 
nolevulinate synthase mRNA from different tissues is the 
same. 

As indicated earlier, the 5 '-untranslated region of plOlBl 
is 16 nucleotides in length. The primer extension analysis 
indicates that in the mRNA, this region is 100 or 103 nucleo- 
tides in length, and plOlBl is, therefore, 64 or 87 nucleotides 
short of being full-length. 

For RNase mapping experiments, five [ar- a *P]UTP-labeled 
RNA probes complementary to rat hepatic 5-aminolevulinate 
synthase mRNA were synthesized by in vitro transcription of 
pGEM-1 plasmids containing appropriate restriction frag- 
menta of plOlBl (see Fig. 5). The probe sequences (A-E) 
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Pig. 2. Northern blot analysis of 5-amlnolevulinate syn- 
thase mRNA in rat tissues. Total RNA from tissues of untreated 
of treated rats was electrophoresed on a formaldehyde/agaroee gel 
and hybridised to nick -translated plO IB l v Molecular size markers 
consisted of DNA fragments generated by Aecl digestion of pBR322. 
The positions of rRNA markers are shown.. Lane J t erythroid spleen 
(50 Mg); lane 2, brain (50 jug); lane 3, testis (20 jig); lane testis 
(HCG-treated rat) (10 /*g); lane 5, heart (20 jig); ten* 6\ heart (AIA- 
treated rat) (20 Icme 7, kidney (AlA-treated rat) (20 Mg); 5, 
kidney (50 jig); lane 0, liver (5 ng);!ane 10, liver (AIA-treated rat) (5 
l»gX 
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FlG. 3. Developmental profile of 5-aminolevulinate (AX* V) 
synthase mRNA. Total RNA ( 10 pg) from rat liver at various stages 
of development was resolved on a formaldehyde/agarose gel and 
hybridized to nick-translated plOlBl. The size of the mRNA was 
estimated as in Tig. 2, and mRNA levels were quantitated from the 
Northern blot by densitometry scanning and shown as bar graphs. 
Loadings of RNA were shown to be uniform by ethidium bromide 
staining of the geL G, gestation day; £, day following birth; AD, adult, 
12 weeks; 

complementary to the mRNA were 73, 631, 699, 364, and 210 
nucleotides in length, respectively, and spanned the entire 
mRNA except for 83 nucleotides not present in the cDNA 
clone at the extreme 5' -end and 90 nucleotides between the 
Bglll and Soli sites (see Fig. 5). Pply(A) + RNA samples were 
hybridized to these probes, and nonhybridiied RNA was 
digested with RNase A and TL The protected radiolabeled 
fragments were resolved on a 5% polyacrylamide sequencing 
geL 
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FlG. 4. Primer extension analysis of 6-aminolevuUnate 
synthase mRNA in various rat tissues. A chemically synthesized 
23-nucIeotide oligomer was 5'-pbo8phorylated with [7-^P}ATP and 
used to primer extend on poly (A)* RNA from untreated rat liver (10 
jig) (Jane 2); brain (50 tig) (lane 3); heart (10 Mg) (iane 4); erythroid 
spleen (50 pg) (lane 7); AIA-trested rat liver (6>g) (tone X);;tainey; 
(10 >g) [lane 5); HCG-treated rat testis (10 $tg) (tone 6*>. Products 
were analyzed on: an 8 M urea, 6% polyacrylamide gel wu^ ^-labeled:! 
HpoU fragments from pBR322 as size standards, Band* A and B are 
147 and 144 nucleotides in length, respectr^ 

For liver and erythroid spleen mrWA, all irve RNA probes 
were employed. Fragments representmg fullrlejrigth protection 
products for each probe were obseiv^ e^ 
mRNAs are very likely identical. M^i^^th£^ 
spans the 3'-nbncoding end;of^e^l^r:m|^ ... 
bands smaller than the expect&|i^f&^ 
nucleotides (Fig! 5). These ad^Uoi^ba^^ 
by heterogeneity m tte 

' liver mRNA. In other erpenmer^ .used 1 '' 

with mRNA from liver>: ki^ of 

untreated rata, from ludney ;of :IAlAft^ 
"\ testis of HGG^treated I rats^ 

expected 631-nudeotid^^ 

examined (resulte iriot sliow^ 

gether with Northern; Wot^e^ 

provides corapeUirig evidence that 5-aminolevulinate synthase 
mRNA is identical in ati rat tissues. : 

Measurement of Basal Levels of&-Aminotevulinate Synthase 
mRNA in Rat Tissues— Total RNA was isolated from tissues 
of untreated rats, and 5-aminolevulinate synthase mRNA 
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FlO. 5. RNase mapping of rat 
liver and erythroid spleen. 5-ami- 
nolevulinate synthase mRNA* The 
cDNA clone, plOlBl, is represented in 
the upper part of the figure with the 
coding and noncoding regions depicted 
as heavy and light lines, respectively. The 
double-headed arrows below show the re- 
lationship of the RNA probes A-E to 
plOlBl. "P-Labeled RNA probes were 
hybridized to 2.5 Mg of polyiA)* RNA 
from AIA -induced liver {lane 3) or eryth- 
roid spleen (lane 4) and incubated with 
RNase A and Tl. Probes incubated in 
the absence of poly(Ar RNA were either 
untreated (lane 2) or treated (tone 2) 
with RNase A and Tl. Protected frag- 
ments were analysed by electrophoresis 
and autoradiography as described under 
•^Experimental Procedures.* The num- 
bers displayed to the right of panel B 
correspond to the expected nucleotide 
lengths of the protected fragments, nit, 
nucleotides. 
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Fig. 6. Measurement of basal 5-aminolevulinate (AJLV) 
synthase mRNA levels in rat tissues. Total RNA (10 fig) from 
tissues of untreated rats was applied as slots on nitrocellulose and 
hybridized to the nick -translated P»tl inserts of plOlBl. 6-Aminolev- 
ulinate synthase mRNA levels were quantitated by densito metric 
scanning and shown as bar graphs. Lane 1» liver; lane 2, kidney;: tone 
5, heart; lane 4, brain; lane 5, testis, 

amounts were quantitated. As can be seen in Fig. 6, the heart 
has the highest level of 5-anunblevulinate synthase mRNA, 
slightly above that of the liver, while in kidney, brain, and 
testis there is approximately half this level. 

Effect of Hemin and 5- A minoleuulinate on 5-Aminoleuuli- 
nate Synthase mRNA Levels in Untreated and Drug-treated 
Rats — The effect of hemin on liver 5-aminoIevulinate syn- 
thase mRNA levels was first examined. Fig. 7 shows that 
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Fig. 7. Effect of hemin on 5-arainolevuIlnate (ALV) syn- 
thase mRNA levels In rat liver. Total RNA was isolated from rat 
liver 2 h after administration of AIA, heroin, or both. Amounts of 
total RNA (5-20 fig) were applied as dots on nitrocellulose and 
hybridized to the nick -translated Pstl inserts of plOlBl. mRNA 
levels were quantitated by denBitometric scanning. Lane A, AIA 
treated; lane B, AIA and hemin treated; tone C, untreated; lane D, 
hemin treated. 
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Fig. 8. Measurement of 6-aminolevnlinate {ALV) synthase mRNA levels in rat tissues after 5- 
aininolevullnate treatment. Total RNA (10 fig) from tissues 12 h after administration of A1A or 5-aminolevu- 
lin ate and from testis after HCG administration was applied as slots on nitrocellulose and hybridized to the nick- 
translated Pail inserts of plOlBl, mRNA levels were quantitated by densitotnetric scanning and shown as bar 
graphs. Panel A, liven panel B t kidney; panel C, heart; panel D, erythrotd spleen; panel £» brain; panel F, testis. 
hake 1, untreated; lane 2, AIA treated; lane 3, 5-aminolevulinate treated; lane 4, AIA and 5-aminolevulinate treated; 
lane a, 5-aminolevulinate-methyl ester treated; lane 6, HCG treated; lanec, HCG and 5-aminolevulinate treated. 



treatment of rats with the drug AIA over a 2-h period in- 
creased the level of 6-aminolevulinate synthase mRNA (Fig. 
7, A and C). Administration of hemin either to drug-treated 
or untreated rats reduced the level of 5-aminolevulinate syn- 
thase mRNA to below that of basal levels (Fig. 7, B and D). 

In similar studies it was found that hemin had no effect on 
the mRNA level in the extrahepatic tissues investigated (data 
not shown). It was possible, however, that injected hemin was 
not reaching or not entering the cells of these tissues. Ander- 
son et aL (22) has reported that administered 5-aminolevuli- 
nate is taken up by many tissues and converted rapidly to 
heme. The effect of 5-aminolevulinate on 5-aminolevulinate 
synthase mRNA levels in different rat tissues was, therefore, 
studied in both normal and drug-treated animals. Of the 
tissues studied only liver and kidney showed induction by 
AIA; 5-aminolevulinate administration completely prevented 
the increase in mRNA leveLs in both tissues (Fig. 8, panels A 
and B). Similarly, basal levels of 5-aminolevulinate synthase 
mRNA in the liver, kidney, heart, and testis were reduced by 
5-aminolevulinate to low levels (Fig. 8). In the case of brain, 
5-aminolevulinate had no effect, but the methyl ester deriva- 
tive of 5-aminolevulinate significantly reduced the mRNA 
level (Fig. 8, panel E) presumably because this compound can 
readily cross the blood-brain barrier. Erythroid spleen was an 
exception with 5-aminolevulinate treatment resulting in an 
increase in 5-aminolevulinate synthase mRNA levels (Fig. 8, 
panel D). 



In other experiments, it was shown that 5-aminolevulinate 
prevented the HCG induction of 5-aminolevulinate synthase 
mRNA in the testis (Fig. 8, panel F). 

In all the experiments described here the level of 0-actin 
mRNA in the tissues was quantitated (see Fig. 8, but not 
shown graphically) and was found to be essentially unchanged 
indicating that the response of 5-aminolevulinate synthase 
mRNA levels to AIA, HCG, or 5-aminolevulinate did not 
reflect a general cellular event. We also measured 5-aminolev- 
ulinate synthase activity in homogenates of ail tissues exam- 
ined above, and the amounts detected correlated closely with 
the changes observed in 5-aminolevulinate synthase mRNA 
levels (results not shown). 

Hemin Acts at the Transcriptional Level in the Liver— The 
experiments described above show that in different tissues 
ALA and heme regulate the levels of 5-aminolevulinate syn- 
thase mRNA. We investigated whether, in liver, this reflected 
transcriptional control. Rat livers were removed, nuclei iso- 
lated, and gene transcription activities quantitated. In this in 
vitro system, it was established that incorporation by the 
nuclei of |a- 3 *P]UTP into total RNA was linear for at least 
30 min, and the extent of . incorporation was similar in nuclei 
from untreated rats and rats treated with AIA, 5-aminolevu- 
linate, or both. Additionally, a-amanitin (2 ^g/ml) in the 
reaction mixture inhibited total RNA synthesis by about 4096 
and completely inhibited the synthesis of specific transcripts. 
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FiO. 9. Effect of 5- ami n ol evulin ate on 5-amlnolevullnate 
\ALY) synthase gene transcription. Rats were treated with AI A 
for 4 h. 5rAxninolevuHnate was administered 10 h prior to AIA, and 
l M P]RNA subsequently was isolated from rat liver nuclei and hybrid- 
ized to nitrocelluloae filter-bound cloned DNA. Transcription rates 
were quantitated froxn the slot blots by densitometric scanning and 
densities in arbitrary unita shown as bar. graphs after correction for 
the appropriate vector background controls. A, untreated rata; £, AIA 
treated; C, 5-aminolevulinate treated; D t AIA and 6-aihinolevulinate 
treated. DNA clones: lane 1, 5-aminolevulinate synthase; lane Z, 
M13mpl9; lane 3, chicken; pactin; lane 4, chicken serum albumin; 
lane 5, p&m2Z . ■ ": : 'V ' :; 

Our results show that administration of AIA alone for 12 h 
resulted in a 10-fold increase in the trajiscriptior^ 
5-aminolevulinate synthase gene^8ee :Fig; 9), This correlated 
with; a 7-fold increase m hepatic 6^a^ 
mRNA levels measured at thJs time ^ 

The effect of 5-aininolevulmate oh ^ 
of the 5-aminolevulinate synthase gene w^:iiib^tii^t^H^r :; 
ministration of this compound to untreated rate sigriiGcantly 
reduced the low basal transcriptional rate of the 5-amindlev-> 
ulinate synthase gene (Fig. 9). Administration of 5-aininbleyr 
ulinate to AIA-treated rats prevent^ the drug-induced in- 
crease in the rate of gene transcription (Fig. 9). A correspond- 
ing reduction in the level of hepatic 5-aminolevuiinate syn- 
thase mRNA was observed (Fig, &, panel A). Throughout this 
work, the transcriptional rate of the serum albumin gene 
measured as a control was unchanged although that of the 0- 
actin gene was slightly elevated by either AIA or 5-aminolev- 
ulinate treatment (Fig. 9). The reason for the latter is un- 
known. Other control experiments established that the pres- 
ence of 5-aminolevulinate (50>M) or hemin (0.01-10 m**) in 
the transcription reaction had no effect on any of the genes 
under test. Overall, these results demonstrate that in the liver, 
AIA and 5-aminolevulinate treatment modulates 5-aminolev- 
ulinate synthase mRNA levels by altering the rate of gene 
transcription. 

DISCUSSION 

The early work of Granick (3) established that in chick 
embryos drug inducibility of hepatic 5-aminolevulinate syn- 
thase activity is prevented by the simultaneous administration 
of heme. The mechanism of this has remained a central 



question ever since. It was originally postulated that heme 
and drugs compete for a site on a gene-controlling protein. 
This was rendered improbable hy the work of Srivastava et 
ai (23) who showed that heme repression appeared to be the 
sole control and that drug induction was probably a secondary 
consequence of heme removal (reviewed in Ref. 1). Since the 
original postulate, it has been variously claimed that heme 
works at the translations! and transcriptional level, and con- 
siderable confusion has existed (1). This was, in part, due to 
studies being done at the enzymic. level and to the complica- 
tion that hemin prevents entry of newly synthesized 5-ami- 
nolevulinate synthase into the mitochondrion (1). 

In this work we have studied 5-arainolevulinate synthase 
control at the mRNA level. To this end a cDNA clone for rat 
liver 5-aminolevulinate synthase has been isolated and se- 
quenced. Using probes derived from this, control of 5-amino- 
levulinate synthase mRNA in various rat tissues has. been 
examined 

The first question investigated was whether there exists in 
rat a single mRNA for 5-aminolevulinate synthase or a mul- 
tiplicity of thenL This question arises from the suggestion 
that a family of 5-aminolevulinate synthase genes exists in 
chicken (6). The results here give compelling evidence that 
the 5-aminolevulinate synthase mRNA in all rat tissues ex- 
amined is the same and that only a single species exists. This 
is in keeping with our recent conclusion that the erythroid 5- 
aminolevulinate synthase in chicken is coded for by the same 
gene as that in the liver (11). The work also showB that the 
rat liver 5-aminolevulinate synthase mRNA present during 
fetal development is indistinguishable on Northern blots from 
the adult form. 

Although drug induction of 5-aminolevulinate synthase: in 
liver is well known, the inducibility in other tissues has hot 
been well documented. We show here that 5-aminoleyuIinate 
synthase mRNA is induced by AIA only ; in the liver and 
kidney of rat. Correlating with this; the level of the phend- 
barbital-mducible^ 
by AIA specifically m these tissues,^ 
levulihate synthase mrlNAm^ 

also induces "tissne-^ (24). 
These results support ^^to 
pammoieytu^j^ synthase is a secO^ 

[ o^pletfon^ue^^ P-450 apoprotein 

which takes up hem group. : 

; { A basal! J mRNA was 

detected in aU rat tissues examined. A question which has not 

: been addressed previously is whether heme controls the basal 
level of 5-aminolevulinate synthase mRNA or only the drug- 
stimulated increase and also whether this heme control is 
confined to liver. The results in this paper establish that heme 
repression of 5-axninolevulinate synthase mRNA leveb occurs 
in all rat tissues studied, with the exception of erythroid 
spleen, with both basal and induced levels being affected. In 
erythroid spleen the level of 5-aminolevulinate synthase 
mRNA was elevated. Possibly this is indirectly due to the 
induction of heme oxygenase (25). A reservation in this work 
is that possibly for cell permeability reasons, administered 
hemin affects only liver 5-aminolevulinate synthase mRNA 
levels. However, administered 5-aminolevulinate (or its 
methyl ester in the case of brain) lowers the 5-aminolevulinate 
synthase mRNA level in all tissues except spleen. It seems 
most probable that repression by heme is being observed since 
there is no evidence that 5-aminolevulinate itself has a regu- 
latory role, and it is known that injected 5-aminolevulinate is 
rapidly converted to heme in many tissues (22). 

* G. Srivastava, unpublished data. 
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A final question concerns the level at which heme control 
is exerted. We have conclusively established that in liver, 
heme regulates 5-aminolevulinate synthase mRNA levels by 
acting predominantly, if not exclusively, to inhibit transcrip- 
tion of the 5-aminolevulinate synthase gene. 

This work places the 5-aminolevulinate synthase gene in a 
small group of animal genes (26, 27) known to be negatively 
controlled by a metabolic end product. The molecular basis 
for the regulation of the 5-aminolevulinate synthase gene is 
an important problem to be investigated. 
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